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Abstract: This study utilized finite element simulation and experimental methods to investigate the evolution of crack detection performance

of a flexible differential fractal Koch eddy current probe at different excitation frequencies as the lift-off distance increases. As the lift-off distance

increased, the distribution shape of induced eddy currents changed, leading to reduced similarity in the shape of the excitation coil and an expanded

distribution range of induced eddy currents, ultimately resulting in weakened output signal strength. The experimental results showed that for
excitation frequencies of 10 kHz, 20 kHz, 50 kHz, 100 kHz, 200 kHz, 500 kHz, and1 000 kHz, the maximum lift distances of the real part
of the output signal when cracks were detected were 5.0 mm, 7.0 mm, 8.0 mm, 8.0 mm, 8.0 mm, 6.5 mm, and 4.0 mm, respectively. The

imaginary parts were 6.5 mm, 6.5 mm, 7.5mm, 5.5mm, 8.0 mm, 6.5mm, and 6.5 mm, respectively.
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0 Introduction

Eddy current testing (ECT) is widely used for non-
destructive testing and structural integrity evaluation of
metallic components due to its benefits, such as non-
contact operation, rapidity, and efficiency'. The eddy
current (EC) probe is the starting point of the ECT
system for obtaining information, and its performance
directly affects the quality of the inspection results™.
With changes in function, load-bearing capacity, and
service conditions, the morphology of metallic
components is becoming increasingly complex. This
complexity results in disadvantages for traditional three-
dimensional rigid probes, such as more difficult-to-
detect areas and susceptibility to lift-off (LF) noise.
Therefore, flexible EC probes that can be customized to
the morphology of the object under test have been
proposed. Examples include the internal differential
multichannel flexible probe for curved microcrack
detection, and the flexible probe for detecting carbon
fiber reinforces polymers” ™.

In the process of ECT, the change in output signal
caused by variations in LF distance is called the LF effect®.
Installation errors, non-horizontal inspection surfaces,

corrosion-resistant coatings, and part wrapping inevitably

lead to changes in LF distance, affecting detection results.
Therefore, the crack detection performance of EC probes
are studied when LF distance varies is necessary for their
operation under large and variable LF distances. For
example, in defect detection of the U-shaped alternating
current field measurement (ACFM) system, Li et al."”
used the linear least squares fitting method to examine the
relationship between LF distance and electromagnetic
signal amplitude, determining that the optimal LF distance
for defect detection was 4 mm through simulation and
In the

detection system, Huang et a

experimentation. electromagnetic ultrasonic

1. analyzed the distribution
and strength of the alternating magnetic field at different LF
distances by simulation and experiment. To study the LF
effect of the EC probe under multi-frequency excitation,
Marco Ricci et al."” examined the impact of LF distance
variation on amplitude and phase imaging. The results
indicate that phase analysis yields more robust images,
whereas amplitude analysis is more susceptible to LF
distance changes.

The signal compensation method suppresses the LF
effect by post-processing the signal. While this method
requires complex algorithms, innovations in probe
structure design can suppress the LF effect at the onset

10,11

of information acquisition””'", For example, changes to

the coil shape, excitation method, and coil spatial layout
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can be implemented. Chen et al."® proposed a two-layer
differential planar coil, where the upper layer consisted
of two symmetrical excitation coils that produced
symmetrical and reversely amplified magnetic fields.
The lower layer features a rectangular detection coil with
a differential structure, allowing the probe to identify
individual microcracks at an LF distance of 3 mm. Hoshi
Kawa et al." developed a probe that generated uniform
eddy currents, inducing a uniformly distributed EC in the
measured material. Its self-zeroing characteristic
effectively eliminates most LF noise. Huang et al. "
introduced a new four-coil probe structure that aimed at
eliminating the impact of LF noise on the detection
signal, thereby improving the signal-to-noise ratio. Liu
et al. "™ proposed a differential probe designed to
suppress the LF effect in pulsed EC detection.

To further study the mechanism of the LF effect and
the evolution of the eddy currents caused by the
excitation coil at different LF distances, Chen et al.""
proposed two indices based on information entropy to
evaluate the similarity between the EC distribution and
the shape of the excitation coil, as well as the
concentration of the EC distribution in relation to
variations in LF distance. The results indicate that as LF
distance increases, the similarity between the shapes of
the EC distribution and the excitation coil tends to
decrease, accompanied by a dispersion in the
concentration of the EC distribution. Subsequently,
Chen et al. " introduced relative entropy and cross-
entropy to evaluate the differences between the EC
distributions of the Koch and circular coils as LF distance
changes. However, the crack detection performance of
the fractal EC probe under varying LF distances has yet
to be studied.

A flexible differential pick-up Koch fractal EC probe
was proposed based on the probe structure design. The
probe coil was manufactured on a flexible printed circuit
(FPC), allowing it to bend and adapt to the complex
shapes of metal components for crack detection. A multi-
turn winding differential signal pick-up coil enhances
detection signal strength while simultaneously avoiding
the LF effect, enabling non-destructive detection under
both large and variable LF conditions. In this study, the
evolution of the probe’s crack detection performance
with increasing LF distance at different excitation
frequencies was investigated. The maximum LF
distance at which the probe could detect cracks for each
through both

excitation frequency was examined

simulation and experiment.

1 Probe design

1.1 Coil structure

The flexible differential pick-up Koch fractal EC
probe operates in transmit-receive mode and consists of
two parts: the excitation coil and the pick-up coil. The
excitation coil is a single-turn third-order Koch curve®.
It has a diameter of 10 mm and a line width of 0.05 mm,
as shown in Fig. 1(a). This probe adopts a third-order
Koch curve for its coil structure because, compared to
lower-order curves, the third-order Koch curve has a
in the

triangular sections formed at the outer circle position of

more complex geometric design. Notably,

the Koch curve, significant eddy current disturbances are
generated. Additionally, the unique geometric structure
of the Koch curve can adjust the eddy current vector in
multiple directions locally, increasing the probability of
disturbances caused by cracks in various orientations,
thereby improving the probe’s detection rate for cracks.

(a) Excitation coil (b) Pick-up coil

(¢) Top view of FPC

(d) Bottom view of FPC
Fig. 1 Structure of probe

The pick-up coil consists of 12 turns, with the two
coils reversed at the midpoint, maintaining a distance of
0.05 mm between adjacent turns and a wire width of
0.05 mm, as shown in Fig.1(b). The reversed winding
of the pick-up coil enables differential detection. Both
the excitation and pick-up coils are fabricated on a four-
layer FPC.
Fig.1(c). The exciting coil is located in the third layer,

The top layer is padded, as shown in

and the picking coil is located in the second layer. The
bottom layer serves as the protective layer, as shown in
Fig.1(d). The completed flexible probe is secured at the
bottom of the pre-designed housing, with the terminals
of both coils connected to an SMA connector via wires to
link to the experimental system.

1.2 Working principle

To establish the equivalent circuit model of the probe in
the crack detection process, the equivalent transimpedance
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expression that characterizes the probe’s output signal is
determined. An analysis is conducted on the factors
affecting the probe’ s performance in crack detection, as
well as those influenced by changes in the LF distance.
Initially, the equivalent inductance of the pick-up coil 1s
determined using mutual inductance equivalent decoupling,
leading to the construction of a decoupling model for the
pick-up coil. Subsequently, the equivalent circuit model of
the probe is established, and the expression for the
equivalent transimpedance of the probe is derived. The
output signal of the probe is characterized by this equivalent
transimpedance.

The pick-up coil of the probe can be represented as a
series connection of two coils and a resistor, with its
equivalent circuit shown in Fig. 2(a). The mutual
inductance equivalent decoupling model of the pick-up coil
is shown in Fig.2 (b) . L, and L, represent the equivalent
inductance of the two pick-up coils based on the differential
structure,, while R, is the equivalent resistance of the pick-
up coil, m is the mutual inductance between the two coils,
and V and I are the voltage added to both ends of the circuit
and the current in the circuit, respectively. According to
Kirchhoff’s voltage law, there is

V=(joLy +joLx+ 2jo + R.)1. (1)
L 1 A~ o
.KF—REZ?‘ o) i ‘%‘
o ;LZL ;LZL
¢ s
” ] ’
RY :ELzu éL,R
¢ ¢
1 i | .

(a) Before decoupling (b) After decoupling

Fig.2 Equivalent circuit of pick-up coil
After equivalent decoupling, the inductance of the
pick-up coil can be equated to
Lw=1Ly + Lo+ 2m. (2)
The equivalent circuit model of the probe for detecting
cracks is shown in Fig. 3. Vs is the excitation voltage.
V, 1s the output voltage of the probe. R, is the equivalent
resistance of the excitation coil. L, is the equivalent
inductance of the excitation coil. Rg 1s the internal
resistance of the excitation module. R, and L, are the
equivalent resistance and inductance of the specimen,
respectively. Ry,q1s the input impedance of the signal
conditioning circuit. I, is the excitation current. I, is the
current in the pick-up coil. I; is the equivalent induced
current in the specimen. M, and M, are the mutual
inductance between the excitation and the two pick-up
coils of the differential structure. M,; is the mutual

inductance between the excitation coil and the specimen.
M., and M.i are the mutual inductance between the
specimen and the two parts of the pick-up coil.
According to Kirchhoff’ s voltage law, there are

V=1L (R,+ R, +jwL,)+ LjoM,;+ Ljw
(M, — M),

Vi=L(R,+ 2jom + joL, + joL, )+ I, jw 3)
(Mo, — M)+ Lijw( Moy, — M),

LR+ LijwLs + I joM ;s + L jow( Msy — My )= 0.

My, [] Vo

/1,

Fig.3 Equivalent circuit of probe
Since the input impedance of the preamplifier is at the
GQ level, to simplify the analysis, it is assumed to be
infinite, i.e., Ry, =c°, so [,=0. And M 5,=M 2, S0
Eq. (3) can be simplified as
V.=1L(R.+ R, +jwL,)+ LjwM,,
Vo=Ljo( My — M), 4
LR, + LjwL, + I,joM,; = 0.
The equivalent trans-impedance of the probe is
@ M s( My, — M)

Zrcq: Rszi U)21432 R'g_
. (,USML';( Mz — M32R) I (5)
} R32 — szBZ 45.

The factors affecting the equivalent trans-impedance of
the probe include w, M3, My, My, R;, and L;. Under
the condition of constant w, when the morphology of the
specimen or the crack changes, it will cause the change of
R, and L,, resulting in the change of equivalent trans-
impedance. When the LF distance changes, M5, M3, ,
and My, R,, and L, all change, thus affecting the crack
detection performance of the probe.

The equivalent trans-impedance is used as the output
signal of the probe. When the probe is placed in parallel
above the crack-free specimen, My = M, obtained
from Eq. (5), Z.,= 0, the output signal of the probe is
zero to achieve the effect of self-nulling. When there is a
crack in the specimen, due to the crack on the induction EC
disturbance, which changes the original path of the EC.
When there is a crack in the specimen, the original path of
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the EC is changed due to the disturbance of the crack, and
the crack causes the mutual inductance between the
specimen and the two pick-up coils to be unequal, i.e.,
Mo 7 Mo, 50 Z,o 7 0, and the signal is not zero.

The working principle of the probe is shown in Fig.4. An
alternating exciting current I, is passed into the excitation
coil, and a changing spatial primary magnetic field is
generated. When the magnetic field on the inside of the
excitation coil is directed upward, this magnetic field acts
on the specimen part, EC is generated in the conductive
specimen, and a secondary magnetic field is generated
simultaneously. The distribution of the primary and
secondary magnetic fields is similar but in opposite
directions, and through the mutual inductance M5 , M 2,
My, and My, the pick-up coil generates induced

voltages'”.

g
P
2 o

B e SEES
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Excitation ~ Pickup
coil coil

Life-off

distance

Secondary magnetic ~
field #5 g

Eddy current

l Test sample Ll’:'l

Fig. 4 Principle of differential pick—up probe

When the probe detects cracks in the specimen, the
presence of a crack alters the equivalent resistance and
inductance of the specimen. Additionally, the relative
position between the crack and the two pick-up coils
varies, leading to different degrees of mutual induction
between the specimen and each coil. Consequently,
M 7 My, resulting in a non-zero output signal from
the probe. During actual crack detection, various test
conditions and errors related to the processing and
installation of the probe may introduce background
noise, causing the signal to deviate from zero. When the
probe identifies a crack, the disturbance caused by the
crack affects the electromagnetic characteristics on the
specimen’s surface. This crack signal rises above the
background noise, exhibiting distinct features such as
characteristic wave crests and troughs. These unique

signals are utilized to confirm the presence of the crack.

2 Finite element analysis

In order to study the LF effect, the EC distribution
induced by the probes, and the crack detection
performance, finite element (FE) analysis of the detection
process of the probe was performed with the software

COMSOL Multiphysics. Firstly, finite element analysis
was performed on the model of the probe above the
specimen, studying the effect of variation of LF distance on
the EC distribution on the specimen’s surface. Then, the
finite element analysis was carried out to study the influence
of LF distance change on the crack detection results under

different excitation frequency.
2.1 Finite element model

The geometric model comprised an air domain, a
specimen, and structure coils, with the coil structure
positioned above thealuminum specimen at a specified LF
distance. The specimen included two types in the model:
specimens with cracks and specimens without cracks.
Fig. 5(a) illustrates the geometric setup for detecting
specimens without cracks, while Fig.5(b) shows the model
used for detecting specimens with cracks, where the crack
dimensions are 35 mm in length, 0.25 mm in width, and
3 mm in depth. Additional physical parameters of the air
domain and specimen can be found in Table 1. A side
current of 1 A is applied to the excitation coil. The
geometric model is finely meshed using physics-controlled
grids for finite element analysis.

Specimen Coil Air domain

20 20

x/mm \ ( 0 ymm
-20 ‘

T -20

o
z/mm

(a) Without a crack

2 %ra('k

‘ | y/mm
N

(b) With a crack
Fig. 5 Geometric model

In the FE analysis, the EC distribution on the surface of
the specimen and the crack signal is investigated at
excitation frequencies of 10 kHz, 20 kHz, 50 kHz,



436

Journal of Measurement Science and Instrumentation

Vol. 15 No. 4, Dec. 2024

100 kHz, 200 kHz, 500 kHz, and 1 000 kHz, with LF
distance of 0.1 mm, 0.5 mm, 1.0 mm—38.0 mm (with the
step of 1.0 mm) , respectively. In the finite element models
(FEMs) , the excitation and pick-up coil positions were
kept constant still, and the crack movement was used to

simulate the scanning process of the probe™”".

Table 1 Physical parameters of FEMs

Size/ Relative Relative hlecm‘cz‘xl
Parameter . o conductlvny/
mm>Xmm>Xmm permeability permittivity Qo !
Sem
Air 50 X'50 X 30 1 1 10
Specimen 35 X35 X6 1 1 3.774 X 107

Surface: current density norm/(A *m2)

A5.19x10°
x10°

50
45
4.0
35
13.0

y/mm

2.5
2.0
1.5
1.0

-10 0.5

A\ XY

~5 0

x/mm

(a) 0.1 mm

Surface: current density norm/(A *m)

A1.52x10°
10 x10°
14
12
1.0
g
E 0.8
-2 0.6
4
-6 0.4
-8 0.2
-10
-12 v528
-15 -10 -5 0 5 10
x/mm
(¢) 1.0 mm

Surface: current density norm/(A *m2)

A 4.95%10
|>< 10*
4.5
4.0
35
= 3.0
£ 25
oy
-2 2.0
. 15
-6
1.0
-8
0.5
-10
-12 vil6

-15 -10 -5 0 D 10
x/mm
(e) 3.0 mm

2.2 Finite element analysis results

2.2.1 Effect of LF distance on distribution of induced EC

Fig.6 shows the EC distribution on the surface of the
specimen when the excitation frequency is 10 kHz. It can
be seen that when the LF distance is 0.1 mm, the
distribution of EC on the specimen’s surface is similar to
the shape of the excitation coil, and the EC density is
strongest directly below the excitation coil. With the
increase of LF distance, the EC distribution area starts
to disperse in all and eventually evolves into a circle.

Surface: current density norm/(A *m™)
12 A 240108

10 x10°8

2.0

y/mm
Lo
S 00 N AN
L
=) e =
wn S W

¥ 348

-15 -10 -5 0 5 10
x/mm
(b) 0.5 mm

Surface: current density norm/(A *m)

12 A 824x10¢
x10°
10 8
6
|5
4
= 3
-6 2
-8
1
-10
-12 v323
15 -10 -5 0 5 10

x/mm

(d) 2.0 mm

-

y/mm

Surface: current density norm/(A *m™)
A 321x10¢
x10*

3.0

2:5

2.0

y/mm

0.5

-12 Y139
-5 0
x/mm

() 4.0 mm
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A2.12x10¢
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| y/mm
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(=) (=S e =)
ST T S
@ 2 9 e o e g s R
N&@WON&@NO%

-15 -10 -5 0 5 10
x/mm

(g) 5.0 mm

Surface: current density norm/(A *m=)

A 1.03x10*
x10*
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
~10 0.1
-12 Y179

—_—
=]

S N A N 0

y/mm

-10 -5 0 5 10
x/mm

(1) 7.0 mm
Fig. 6 EC distributions on specimen’s surface

The higher the LF distance, the wider the area of EC
distribution. This phenomenon is similar to the results in
the Ref.[16]. The increase in the LLF distance causes an
increase in the distribution area of the EC, but leads to a
weakening of the intensity of the EC simultaneously,
which reduces the chance of cracking and EC interaction.

Fig.7 illustrates the trend of the maximum value of the
electric field induced by the probe on the surface of the
specimen as a function of LF distance at different excitation
frequencies. Under the same excitation frequency, the
maximum value of EC density decreases exponentially with
increasing LLF distance. At a constant LF distance, a higher
excitation frequency results in a greater maximum value of
EC induced on the specimen’s surface. This occurs because
a higher excitation frequency causes more significant
changes in the primary magnetic field generated by the same
excitation current, leading to stronger electromagnetic
induction within the specimen and, consequently, a more
pronounced EC distribution on its surface. As the LF
distance increases, the primary magnetic field reaching the
specimen’s surface weakens, resulting in reduced

electromagnetic induction and lower EC density.

Surface: current density norm/(A *m)

Surface: current density norm/(A +m™)

A 1.46x10"
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1.4
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V17
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(h) 6.0 mm

_— =
(=1~}

8
6
4
2
0

Surface: current density norm/(A *m=)

A 7.48%10°
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-
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4
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1
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-12 Y175
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S D
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(1) 8.0 mm

£200

2 s —=— 10 kHz
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X 1501 450 kHz

} v 100 kHz

Z + 200 kHz

T <

< <500 kHz
100+

£ > 1000 kHz

E

g .

= 50+ 'S

E ¥4

£ A3

é 0 L . ‘~’— —‘--—.—4—.—.—.—‘ —

=

0 2 4 6 8

Lift-off distance/mm
Fig. 7
specimen’s surface with LF distance under different excitation

Variation of maximum induced eddy current density on

frequencies

2.2.2 Effect of LF distance on crack signal

When the LF distance increases to 4.5 mm, the real
part of the signal is drowned out by the background
noise, and it is impossible to evaluate whether the crack
exists or not. However, the imaginary part of the signal
still shows the crack characteristics, and the signal
change appears when the crack exists. Fig.8(b) shows
the imaginary part of the signal. As the LF distance
increases until it reaches 8.0 mm, the crack information
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is still present in the imaginary part of the signal. Ata LF
distance of 0.1 mm, both the real and imaginary parts of
the signals exhibit characteristics of sinusoidal waves.
However, as the LF distance increases to 4.5 mm and
8 mm, the real part of the output signal becomes
submerged in noise, while the imaginary part shows a

phase reversal in the sinusoidal waveform.

04 0.4
—=u— Real part
-/-. = Imaginary part
" ‘\
R 0.2+ .J‘ . 10.2
= | =
£ . E
E e =
;bo (418 lllllllllll:...- ‘l‘ = LILL T TS 40 EC
2 [ 7
& | E.
S | S
-0.24 1 h 1-02
| -
= )
-04 1 1 1 1 1 ~0.4
-10 -5 0 S 10
Position/mm
(a) 0.1 mm
0.4
- ~—®— Real part
“‘ = Imaginary part .
3.5}k
" 10.2
E c
= | =
B B
&-35f &
1-0.2
-7.0r
1 1 1 1 1 _0.4
-10 -5 0 5 10
Position/mm
(b) 4.5 mm
6 0.050
~—®— Real part
= Imaginary part
3t -40.025
= =
£ £
= |
£ £
20 10 >
2 e E
= =l
=) o
3t +4-0.025
. .
-6 L L L -0.050
0 5 10
Position/mm
(¢) 8.0 mm

Fig. 8 Output signal of probe at different LF distances

As the probe moves further away from the increasing
LF distance, the amplitude of the eddy current signal
decreases due to attenuation. This reduction in signal
strength relative to noise levels can cause the real part of

the signal to become less distinguishable, eventually

being overshadowed by noise. Fig.8(c) is the imaginary
part signal at the LF distance. The Vpp of the imaginary
parts of the signal are 1.73 X 107* V, 5,55 X 1077 V,
and 8.13 X 10°® V at the LF distance of 0.1 mm,
4.5 mm, and 8.0 mm, respectively, and the Vpp are
reduced by four orders of magnitude.

Fig. 9 shows the Vpp of the signals at different LF
distances. The real and imaginary Vpp of the output signal
decreases with the increase of the LF distance, and the Vpp

changes less and less when the LF increases to a certain

distance.
50
=10 kHz
r o 20 kHz
_ 40F 450 kHz
E v 100 kHz
?5330_ & 200 kHz
& <500 kHz
i 4» » 1000 kHz
S0}
(=}
<
g <
f=N
L e\ %
§~ 10
ve <
A *—p.
ol sEESI st
1 1 1 1 1
0 2 4 6 8
Lift-off distance/mm
(a) Real part
7L = 10kHz
» o 20kHz
6 A 50 kHz
E v— 100 kHz
= Sr * 200 kHz
B4l o < 500 kHz
B > 1000 kHz
=] »
&3F
oo}
(=}
&
22 «\k
(=N
"I we e,
RN
(X = S ST S S
of & * 00
1 1 1 1 1
0 2 4 6 8

Lift-off distance/mm

(b) Imaginary part
Fig. 9 Vpp of probe for different LF distances at each excitation

frequency

The Vpp increases with the increase of the excitation
frequency. This is because as the LF distance increases, the
primary magnetic field generated on the surface of the
specimen decreases. It weakens the EC on the specimen
surface, and the disturbance between EC and the crack is
weakened at this time, resulting in a decrease in Vpp. A
10 kHz excitation frequency was taken as an example.
When the LF distance is greater than or equal to 4.5 mm,
the Vpp tends to be zero. Therefore, the Vpp of the real
part is inaccurate and has no reference significance after
4.5 mm LF distance. As the LF distance increases, there
is a corresponding decrease in the signal-to-noise ratio.
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When the LF distance reaches a certain point, the intensity
of the background noise surpasses that of the detection
signal, completely obscuring useful information. At this
stage, it becomes impossible to determine whether a crack

is present.
3 Experiment

3.1 Experimental system

To investigate the LF effect and the crack detection
performance of the probe, as well as to determine the
maximum LF distance at which cracks can be detected
for each excitation frequency, an experimental system
similar to the Ref.[20] was constructed. The probe was

mounted on a 3D scanner, and a sinusoidal signal was

generated by the RIGOL-DG832 signal generator,
which was then amplified by the RIGOL-PA1011 power
amplifier. The effective value of the excitation current
was continuously monitored using a RIGOL-DM3058
digital multimeter, and the excitation current was
ultimately fed into the excitation coil. The voltage signal
detected by the pick-up coil was amplified 200 times by
an AIGTEK-ATA-5210 pre-amplifier. This signal was
then processed by an OE2031 lock-in amplifier, which
combined the detected signal with a reference signal
generated by the signal generator. The processed data
was extracted to a computer via software for easy
viewing and further analysis. The schematic and physical
diagrams of the experimental system are shown in
Figs. 10 and 11.

Reference signal

Signal Stepper motor
generator controlle
Power
amplifier

[ & T

Control signal |

ﬁi i
= .
ol multimeter

Pre-amplifier

Sample

Fig. 10 Schematic diagram of experimental system

Signal generator

3D-scanner =
Specimen Adaptor plate

Lock-in amplifier Pre-amplifier

Digital multimeter

Power
amplifier

b
Stepper motor controller

Fig. 11 Photograph of experimental system

Fig.12 shows a photograph of the aluminum specimen
used in this experiment. The specimen is aluminum, with
dimensions of 350 mm X 80 mm X 6 mm. A prefabricated
crack measuring 80 mm X 0.25 mm X 3 mm is etched onto
the aluminum specimen. The movement of the probe is
controlled by a stepper motor controller, with control

signals transmitted via serial communication and issued by

upper-level software programmed in C#. During the
scanning process, the stepper motor controller sends 224
advance signals to the stepper motor, causing the probe to
move forward by 0.24 mm.

MATILAB was used for the obtained output signal to
detrend it and find the Vpp corresponding to each

waveform plot. In this work, the probe equivalent trans-
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impedance Z is used as the signal, which is calculated by

\%4 v, . \%4
Zzldi:Real( /eIlC )+ ]Imaginary(]di), (6)
where V., denotes the induced electric potential

difference detected by the pick-up coil; I, denotes the
amplitude of the excitating current, and % denotes the
amplification of the pre-amplifie based on the above
experimental system. The experiments were performed
at different LF distances and excitating frequencies were
same to the FEMs.

Scanning direction

350 mm

Fig. 12 Specimen of photograph

3.2 Experimental results

Fig. 13 shows the output signals of the probe at

different LF distances when the excitation frequency is
set to 10 kHz. As the LF distance increases, the
intensity of the crack signal detected by the probe
decreases, while the interference from LF noise to the
detection signal increases. The difference between the
output signal and that at a 0.1 mm LF distance grows
larger, with the output signal approaching zero. This
reduction is due to the increased LF distance, which
weakens the induction EC density on the specimen’ s
surface and diminishes the interaction between the crack
and the induction EC. The ability of the probe to
continue  detecting cracks becomes increasingly
dependent on factors such as the probe’s design
structure, coil shape, processing accuracy, and other
variables. The maximum LF distance at which the real
part of the signal can detect the crack is 5.0 mm, as
shown in Fig. 14 (a) , while the maximum LF distance
for the imaginary output signal detection is 6.5 mm,

illustrated in Fig.14 (b) .
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Fig. 14 Output signal corresponding to maximum LF distance of crack detected by a probe at 10 kHz excitation frequency

Fig. 13 depicts the output signals obtained from a
linear scan experiment at an excitation frequency of
10 kHz, showing the calculated equivalent impedance

values at different LF distances. For the real part of the
signal, the characteristic changes from two peaks in a
sinusoidal waveform to four peaks. This variation may
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be due to changes in the strength and distribution of the
eddy current signal, influenced by factors such as the
position of the probe relative to the object under test or
other environmental conditions.

In order to further determine the evolution of the crack

detection performance of the probe at different excitation

frequencies with increasing LF, experimentations were
conducted at each excitation frequency for crack
detection at different LF distances. The output signals
are obtained as shown in Fig. 15. Because regardless of
the excitation frequency, an increase in the LLF distance

will result in a decrease in the output signal strength.
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Fig.16 shows the variation of the trans-impedance Vpp
caused by the change of LF distance at different excitation
frequencies. The Vpp decreases exponentially with the
increase of the LF distance at the same excitating
frequency, which is qualitatively consistent with the FEA
results. The Vpp of the real part of the signal trans-
impedance at 500 kHz is on average 0.72 mQ) larger than that
at 1 000 kHz. Because the excitation current passed into the
excitation coil is only 43 mA when the excitation frequency
is 1 000 kHz, while the excitating current at 500 kHz is
120 mA , which is 2.8 times larger than that at the excitating
frequency of 1 000 kHz. When the excitating frequency is
large enough, the excitating current monitored by the
multimeter is unstable during the experiment. The
excitating current value excluded is not accurate when

calculating the trans-impedance. At the same time, due to
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Fig. 17

It can be observed that the maximum LF distance of
cracks detectable by the two parts of the signal are
different at the The
maximum LF distance of cracks detectable by the probe

same excitation frequency.
are also different at different excitation frequencies. At
the excitation frequencies of 10 kHz, 20 kHz, 50 kHz,
100 kHz, 200 kHz, 500 kHz, and 1 000 kHz, the

the interference of factors outside the field during the
experiment, such as the installation and positioning error of
the probe, the accuracy error of the 3D-scanner and so on,
various factors accumulate together to cause the Vpp of the
real part of the trans-impedance at 500 kHz to be larger than
1000 kHz. Table 2 shows the maximum crack LF distance
detected by the probe at different excitation frequencies.

Table 2 Maximum LF distance of crack detected by probe

Maximum LF distance/mm

Excitation frequency/kHz

Real part Imaginary part
10 5.0 6.5
20 7.0 6.5
50 8.0 7.5
100 8.0 5.5
200 8.0 8.0
500 6.5 6.5
1 000 4.0 6.5
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Trans-impedance Vpp of probe for different LF distances at different excitation frequencies
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Output signal at 200 kHz excitation frequency and 8. 0 mm LF distance

maximum LF distance of the real parts of the output
signal when a crack can be detected are 5.0 mm,
7.0 mm, 8.0mm, 8.0 mm, 80 mm, 8.0 mm, 6.5 mm,
and 4.0 mm, and the imaginary parts are 6.5 mm,
6.5 mm, and 6.5 mm, respectively. The maximum LF
distance at 200 kHz is 8.0 mm for the two parts of the

signal when cracks can be recognized, compared to the



CHEN Guolong, et al. / The lift-off effect analysis of flexible differential pick-up koch fractal eddy current probe 443

other excitation frequencies. The maximum LF distance
is observed at 200 kHz compared to other excitation
frequencies. The output signal at 200 kHz excitation

frequency and 8.0 mm LF distance is shown in Fig.17.

4 Conclusions

A single-turn excitation, multi-turn pick-up flexible
differential pick-up Koch fractal EC probe was
proposed, the equivalent circuit model of the probe was
established, and the trans-impedance of the probe was
derived. The evolution law of the probe EC on the
specimen’ s surface with the different LF distance was
studied by combining simulation and experiment. As
well as the LF effect of the probe at each excitation
frequency and the influence of the LF distance on the
crack detection performance of the probe, the following
conclusions were drawn.

1) The equivalent trans-impedance expression of the
probe is
7 wZMIS(MBZL — M )

- R, — o’L,"

' My (May, — M)
R WLy

RS_

Lg.

The equivalent trans-impedance is related to w, M,
My, My, R;, and L,. The variation of the LF
distances affects the values of M3, May , Masr, R;, and
Ls, which in turn affects the value of the equivalent
trans-impedance.

2) The simulation results showed that when the
excitation frequency was constant, the similarity
between EC distribution shape and excitation coil shape
tended to decrease with the increase of LF distance. The
EC distribution area was diffused in all directions,
gradually evolving into a circle, and the defect intensity
was weakened.

3) The experimental revealed that when the excitation
frequencies were 10 kHz, 20 kHz, 50 kHz, 100 kHz,
200 kHz, 500 kHz, and 1 000 kHz, the maximum LF
distances when cracks could be detected in the real parts
of the signal were 5.0 mm, 7.0 mm, 8.0 mm, 8.0 mm,
8.0 mm, 8.0 mm, 6.5 mm, 4.0 mm. And the imaginary
parts were 6.5 mm, 6.5 mm, 7.5 mm, 5.5 mm,
8.0mm, 6.5mm, 6.5mm, respectively.

Although this work can achieve crack detection at a
LF distance of 8.0 mm, the optimal excitation frequency
for the probe to perform large LF crack detection has not
yet been determined, so the next step will be to

determine the optimal excitation frequency.
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